Histone H3.3 is a replication-independent variant of histone H3 with important roles in 16 development, differentiation and fertility. Here we show that loss of H3.3 results in 17 replication defects in Caenorhabditis elegans embryos. To characterize these defects, 18 we adapt methods to determine replication timing, map replication origins, and examine 19 replication fork progression. Our analysis of the spatiotemporal regulation of DNA 20 replication shows that despite the very rapid embryonic cell cycle, the genome is 21 replicated from early and late firing origins and is partitioned into domains of early and 22 30 31
late replication. We find that under temperature stress conditions, additional replication 23 origins become activated. Moreover, loss of H3.3 results in impaired replication fork 24 progression around origins, which is particularly evident at stress-activated origins. 25 These replication defects are accompanied by replication checkpoint activation, a 26 prolonged cell cycle, and increased lethality in checkpoint-compromised embryos. Our 27 comprehensive analysis of DNA replication in C. elegans reveals the genomic location 28 of replication origins and the dynamics of their firing, and uncovers a role of H3.3 in the 29 regulation of replication origins under stress conditions. Introduction 36 At every cell cycle, the entire genome is replicated exactly once for accurate transmission of 37 genetic information to the daughter cells. To ensure rapid and uniform duplication of the 38 genome, DNA replication is initiated in a bi-directional way at many different sites in the 39 genome, called replication origins. To prevent re-replication and to control the activity of origins 40 under replication stress, replication initiation is composed of two non-overlapping steps called 41 'origin licensing' and 'origin firing'. Origin licensing occurs during G1 through the formation of the 42 pre-replicative complexes. During this process, the origin recognition complex (ORC) binds to 43 the origins and recruits the replication licensing factors Cdt1 and Cdc6, which together load the 44 complex of the minichromosome maintenance proteins 2-7 (Mcm2-7), a helicase that unwinds 45 DNA ahead of the replication fork (Sonneville et al., 2012) . To ensure that each origin fires only 46 once per cell cycle, Cdt1 and Cdc6 are subsequently removed from the nucleus or degraded to 47 prevent the Mcm2-7 complex from rebinding origins that have already fired (Blow and Dutta, 48 2005; Feng and Kipreos, 2003; Kim and Kipreos, 2007) . Origin firing occurs upon entry into S 49 phase, through binding of different initiation factors like Sld2 (RecQL4/RecQ4 in humans), Sld3 50 (Treslin/TICRR in humans) and Dpb11 (TopBP1 in humans), and phosphorylation of the Mcm2-51 7 complex (Bruck and Kaplan, 2015; Kanemaki and Labib, 2006; Labib and Diffley, 2001) . 52
These firing factors are present in limiting amounts (Mantiero et al., 2011; Tanaka et al., 2011) , 53 and all origins therefore do not fire synchronously at the start of S phase. Instead, some origins 54 fire early and some late, resulting in large domains of early and late replication (Desprat et replication are enriched on chromosomes I, II and III, while domains of late replication are more 140 prevalent on chromosomes IV, V and X ( Figure 1C and Figure S1B ). We found that domains of 141 early replication correlate well with the presence of HIS-72, the most highly expressed C. 142 elegans H3.3 homologue ( Figure 1B and Figure S1C ). However, H3.3 null mutant worms 143 showed largely the same early and late replication domains as wild-type worms, indicating that 144 H3.3 is not a major driver of global DNA replication timing ( Figure 1B MacAlpine, 2016) ( Figure 1D ). However, there is no enrichment of large genes in late replicating 149 domains that would suggest potential interference between transcription and replication under 150 stress conditions, as observed in human cells ( Figure 1E ) (Macheret and Halazonetis, 2018) . 151 152 Mapping replication origins by ChEC-seq and EdU-seq 153
Given the presence of domains of early and late replication, we reasoned that there should be 154 distinct populations of early and late firing replication origins. With the enrichment of H3.3 at 155 replication origins in other organisms, we speculated that loss of H3.3 may cause subtle defects 156 in the position or timing of origin firing in H3.3 null mutants. We therefore next aimed to define 157 replication origins and their timing during S phase. Previous origin mapping approaches in C. 158 elegans do not allow for the analysis of origin dynamics during the cell cycle (Pourkarimi et al., 159 2016; Rodríguez-Martínez et al., 2017). We therefore took an alternative approach that 160 combines the mapping of replication origin factors and the observation of nucleotide 161 incorporation at origins. We first profiled the genomic binding sites of proteins involved in 162 replication origin licensing and firing. We selected two conserved proteins, CDT-1 and TRES-1, 163 that are involved in different steps of origin activation (Figure 2A ). CDT-1 is the homologue for 164 human Cdt1 and is implicated in the licensing of all origins during G1 phase (Zhong et al., 2003 ) 165 8 ( Figure 2A ). TRES-1 is the homologue of human Treslin and is subsequently recruited 166 exclusively to the origins that are going to fire (Guo et al., 2015; Kumagai et al., 2010) . 167
Immunofluorescence microscopy confirmed that CDT-1 is present on chromatin during 168 anaphase and telophase, but levels become undetectable during S-phase. TRES-1 only 169 appears on chromatin during telophase, but remains present during S phase ( Figure 2B ). These 170 observations are consistent with their roles in origin licensing and origin firing, respectively. 171
Typically, genomic protein binding sites are profiled by chromatin immunoprecipitation. 172
However, this approach depends on antibody availability and solubility of the chromatin 173 component of interest, all of which can be limiting factors. To circumvent these problems, we 174 adapted Chromatin Endogenous Cleavage (ChEC) to C. elegans. This method relies on the 175 fusion of the protein of interest with micrococcal nuclease (MNase), which cuts DNA around the 176 binding sites of the fusion protein and thereby releases DNA fragments that can be sequenced 177 and mapped (Schmid et al., 2004; Zentner et al., 2015) ( Figure 2C ). We generated MNase 178 fusion constructs at the endogenous cdt-1 and tres-1 loci using CRISPR/Cas9. MNase 179 insertions resulted in worms that are phenotypically wild-type. To generate genome-wide 180 binding maps of CDT-1 and TRES-1, we performed ChEC-seq experiment on purified 181 embryonic nuclei and identified peaks of CDT-1 and TRES-1 signal. We observed CDT-1 and 182 TRES-1 peaks that are distributed across the genome in both datasets. Moreover, as expected, 183 the CDT-1 peaks mostly overlap with TRES-1 peaks (licensed and firing), but some CDT-1 184 peaks show no corresponding TRES-1 signal (licensed only) ( Figure 2D ). 185
The CDT-1 and TRES-1 ChEC-seq data allowed us to discriminate between licensed and firing 186 origins, but we could not establish the timing of origin firing within S phase. To identify 187 replication origins that fire immediately after entry into S phase, we modified the Repli-seq 188 protocol. Instead of analyzing asynchronous cell populations, we used hydroxyurea (HU) to 189 synchronize cells at the entry of the S phase. Upon HU treatment, virtually all cells become 190 arrested at the entry of the S phase, and a large part of the cell population proceeds with DNA 191 9 replication upon removal of HU ( Figure S2A ). We combined the release into S phase with a 192 second HU block in the presence of EdU, allowing the cells to replicate short stretches of DNA 193 around early replication origins before arresting. The EdU-containing DNA fragments were then 194 isolated and sequenced. These EdU-seq experiments revealed discrete peaks that are located 195 in close proximity to with a subset of the CDT-1 and TRES-1 peaks (licensed and firing with 196 EdU signal) ( Figure 2D ). The EdU-seq signal sometimes appear as double peaks flanking the 197 CDT-1 and TRES-1 peaks, indicating that we detect short fork movements away from the 198 replication origins. We conclude that the sites enriched for EdU-seq, CDT-1 and TRES-1 signal 199 correspond to replication origins that fire upon entry into S phase. 200 201
Classifications of origins genome wide 202
To obtain a map of embryonic replication origins genome-wide, we combined the peak calls 203 from the CDT-1 ChEC-seq, TRES-1 ChEC-seq and EdU-seq experiments. In total, we obtained 204 a map of 1110 origins. Based on their signal in the three datasets, unsupervised clustering 205 distinguished three types of origins, which we classified as "early firing", "late firing" and 206 "dormant" ( Figure 3A ). Early firing origins show enrichment in all three datasets, as they are 207 licensed (CDT-1) and fire at the onset of S phase (TRES-1 and EdU-seq). Late firing origins 208 show enrichment in CDT-1 and TRES-1 ChEC-seq datasets, but not EdU-seq, indicating that 209 they fire after the onset of S phase. Dormant origins show enrichment only in the CDT-1 ChEC-210 seq dataset, indicating that they are licensed, but do not fire under standard conditions ( Figure  211 3A). While the enrichment of CDT-1 and TRES-1 overlaps within a narrow window at the 212 replication origins, the distribution of EdU-seq signal is more broad, which likely reflects short 213 stretches of fork progression away from the replication origins after the release from the initial 214 HU block. As expected, firing origins are found mostly outside of gene-coding regions, while 215 dormant origins are enriched within genes ( Figure S2B ). The genomic localization of the 216 replication origins identified here largely overlap with those previously identified ( Figure S2C ), 217 10 but our mapping approach offers the advantage of capturing origin firing dynamics during the 218 cell cycle, and also includes dormant origins that may act as backup origins for use under 219 specific conditions. Similar to D. melanogaster and A. thaliana (Deal et around the origins of all three categories ( Figure 3B ), suggesting that it may play a role in origin 222 identity or activation. 223 224 Altered origin dynamics in H3.3 null mutants 225
We next compared the distribution of firing origins in wild type and H3.3 null mutant worms. For 226 this, we repeated the TRES-1 ChEC-seq and the EdU-seq experiments in wild type and H3.3 227 null mutant strains at 25°C, where a difference in brood-size between the two strains is 228 observed. The TRES-1 ChEC-seq experiments showed that most origins licensed in wild type 229 worms were also utilized in absence of H3.3 ( Figure 4A ). In both strains, we also observed 230 weak TRES-1 signal at origins that are dormant at 20°C. These origins were initially identified 231 solely based on the presence of CDT-1 under normal conditions, and the presence of TRES-1 232 at 25°C shows that these are functional origins that become activated at higher temperatures. 233
This result confirms the presence of "backup" origins that are inactive during undisturbed S 234 phase, but are activated under replication stress (Boos and Ferreira, 2019; Woodward et al., 235 2006 ). We did not detect any difference between the firing of early origins in wild type and H3.3 236 null mutant based on EdU-seq signal ( Figure 4C, 0min ). These results indicate that the origin 237 distribution and the firing of early origins remains unchanged upon loss of H3.3. 238
Although the firing of early origins is not affected by the loss of H3.3, we were wondering if fork 239 progression following origin firing could be altered. The EdU-seq method not only allows one to 240 identify early firing origins, but can also be used to visualize fork progression around these 241 origins, by adding an EdU pulse at 0, 30 or 60 minutes after the release from the HU block 242 (Figure 4B-C). As expected, the EdU signal enrichment at the early firing origins is no longer 243 11 present after 30 minutes, and regions occupied by early firing origins incorporate very little EdU 244 after 60 minutes, which reflects the bi-directional movement of the replication forks away from 245 the origins ( Figure 4B -C, WT). This bi-directional fork movement is difficult to observe for late 246 origins, as we have no means to synchronize their firing. Nevertheless, the EdU-seq signal at 247 late origins appears depleted at 30 minutes, suggesting that they fire within the first 30 minutes 248 after S-phase onset. In H3.3 null mutants, as mentioned above, early origins appear to fire 249 normally, and we observe bi-directional fork movement. However, we found that the EdU signal 250 remains higher around early origins after 30 and 60 minutes, indicating that fork progression is 251 delayed ( Figure 4B -C, ∆ H3.3). This delay in fork progression appears at origins of all classes 252 and results in an enrichment of EdU incorporation at late origins. The difference between wild 253 type and H3.3 null mutant cells is even more pronounced at origins that are dormant under 254 standard conditions. These origins fire in both strains at 25°C, as evidenced by the increased 255 presence of TRES-1 compared to 20°C ( Figure 3A and Figure 4A ), but fork progression from 256 the origins is impaired in H3.3 null mutants, resulting in an accumulation of EdU-seq signal at 257 later time points. The enrichment at late and dormant origins is observed within a very narrow 258 window, suggesting that the forks stall or collapse immediately after origins fire. The 259 coincidence of this EdU-seq signal enrichment with the center of late and dormant origins is 260 particularly remarkable, as these origins were identified solely based on a completely 261 independent method, namely the mapping of the CDT-1 and TRES-1 binding sites. The 262 aberrant fork progression in H3.3 null mutant worms is only seen under mild temperature stress 263 conditions, and is not observed at 20°C ( Figure S3 ), indicating that H3.3 is required for 264 regulating origin dynamics under stress. To establish if loss of H3.3 resulted in a general slowing of the replication fork speed along the 268 chromatin fiber, we adapted DNA combing to C. elegans (Michalet et al., 1997) . This method 269 relies on the pulse labeling of DNA by the subsequent incorporation of two thymidine analogues, 270 IdU and CldU. By visualizing the length of IdU and CldU incorporation on stretched individual 271 chromatin fibers, replication fork speed can be estimated ( Figure 5A ). We found that fork speed 272 is on average 1.4 kb/min ( Figure 5B ), but did not detect any significant difference between wild 273 type and H3.3 null mutant embryos, indicating that H3.3 is not required for normal progression 274 of the moving replication fork. 2016). We measured cell cycle timing from the appearance of a cleavage furrow in the P0 cell to 285 nuclear envelope breakdown of the AB cell ( Figure 6A ). We found that the cell cycle time was 286 significantly increased in H3.3 null mutant embryos compared to wild type ( Figure 6B ). 287
Removing the replication checkpoint through targeting the checkpoint kinase 1 (CHK-1) by RNAi 288 restored normal cell cycle timing, confirming that the increased cell cycle length is linked to a 289 replication defect ( Figure 6B ). Moreover, removal of CHK-1 resulted in an increase of the 290 embryonic lethality in H3.3 null mutants ( Figure 6C ). Together, our results indicate that loss of 291 H3.3 results in defects in DNA replication or DNA damage repair, and that these defects 292 become detrimental upon removal of CHK-1. 293 13 294 Taken together, we find that replication of the C. elegans genome is partitioned into early and 295 late domains, and that the global timing of replication and replication origin firing is unchanged 296 in H3.3 null mutant worms. However, loss of H3.3 leads to defective fork progression around 297 origins and DNA replication defects at 25°C. Our results identify the replication dynamics during 298 the embryonic cell cycle and uncover a role of H3.3 in DNA replication in C. elegans embryos. 299 300 301
Discussion 302
The variant histone H3.3 has previously been linked to DNA replication, but its mechanistic role 303 in this process, and how its function relates to its genomic localization are not well understood. replicate the entire genome in our system, we measured the speed of the replication fork on 363 single molecules by DNA combing, and determined the time required to reach maximum EdU 364 incorporation within one cell cycle. We found that a plateau of EdU incorporation is reached 365 about 40 minutes after the first observed EdU incorporation, suggesting that cells require about 366 40 minutes to replicate the entire genome under these conditions ( Figure S4 ). This is 367 substantially longer than the S-phase duration observed in developing embryos (Sonneville et  368 al., 2012), and we attribute the delay to the dissociation and the treatment with HU and EdU. 369
Based on this replication time and the fork speed measured in the DNA combing experiment, 370
we estimate the number of firing origins required for replicating the entire genome to be about 371 16 924. This number is remarkably close to the number of firing origins identified by ChEC-seq and 372
EdU-seq (798), and we therefore think that our mapping strategy accurately reflects active 373 replication origins. While our methods allow for the detection of origins that only fire under 374 specific conditions, they still rely on averaging signal from very large populations of cells, and 375 will therefore be less sensitive to detect origins that are only licensed at specific developmental 376 time points or in specific cell types. Indeed, the majority of the dormant origins, for which we find the strongest effects, are located 414 within genes ( Figure S2B ). However, we previously reported that loss of H3.3 only results in 415 minor changes in the transcriptome (Delaney et al., 2018) . Loss of H3.3 could also alter the 416 histone marks around origins. C. elegans replication origins were found to be enriched for H3 417 acetylation, H3K4 methylation and H3K27 acetylation (Pourkarimi et al., 2016) , and it is possible 418 that the presence of H3.3 aids the deposition of some of these marks. However, the causal 419 relationship between histone modifications and the identity of replication origins is not clear. 420
Many studies have accumulated evidence that chromatin context is important for the activity of 421 replication origins, and we now show that H3.3 plays an important role in the fork progression 422 following origin firing under stress condition. More research will be needed to establish a causal 423 relationship between the chromatin context and replication origin formation, to understand how 424 the timing of origin firing is regulated, and to determine how the replication fork interacts with 425 nucleosomes containing different histone modifications or variants. 426 427 428
Materials and Methods 429
Worm culture and strain generation 430
Worms were grown on NGM plates seeded with OP50 for maintenance, and on peptone-rich 431 NGM plates seeded with NA22 for large-scale experiments. The sequence coding for MNase 432 was inserted at the cdt-1 and tres-1 loci using CRISPR/Cas9 as described in (Arribere et al., 433 2014), using plasmids with 1 kb homology arms as repair templates. A list of the strains used in 434 this study is given in Table S1 . RNAi experiments were carried out by feeding, using clones 435 from the Ahringer library (Kamath et al., 2003) . For experiments measuring effects at 25°C, 436 worms were grown at this temperature for at least 5 generations. 437 438
Phenotype analysis 439
For determining embryonic lethality at 25°C, L4 worms were placed on plates containing RNAi 440 or control food overnight. Single adults were transferred to new plates for 3h and then removed. 441
The number of eggs, hatched larvae and adults was counted on subsequent days to determine 442 the penetrance of embryonic lethality. Plates with 0 or 1 embryos were excluded from the final 443 Cells were extracted from embryos as described in (Bianchi and Driscoll, 2006) . Briefly, 497 embryos were isolated using sodium hypochlorite, treated with chitinase (1h, RT, 2U/ml), 498 washed once in M9 and resuspend in 10ml of L-15 medium (supplemented with 10% FBS (heat 499 inactivated, Gibco), 41 mM sucrose and 1% pen/strep (1:100)). Cells were dissociated with 500 three passes through a syringe with a 22 gauge needle and two passes through a syringe with a 501 26 gauge needle. Debris were pelleted by spinning at 80 g for 1 min, and the supernatant, 502 containing cells, was saved. Debris were resuspended in supplemented L-15 medium and cell 503 extraction was repeated twice more. Supernatants were pooled together and filtered using 5 504 micron filters. Cells were pelleted at 500 g for 15 min and resuspended in supplemented L-15 505 medium. 506 507 EdU-seq 508
EdU-seq was carried out as described (Macheret and Halazonetis, 2019) 
